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Abstract
Topologically non-trivial surface states were reported ﬁrst on -Bi x1 Sbx bulk crystals. In this studywe
present transportmeasurements performed on thin -Bi x1 Sbx-ﬁlms (up to 24 nm thickness) grown
epitaxially on Si(111)with various Sb-concentrations (up to x=0.22). The analysis of the
temperature dependency allowed us to distinguish between different transport channels originating
from surface and bulk bands as well as impurity states. At temperatures below 30 K the transport is
mediated by surface states while at higher temperatures activated transport via bulk channels sets in.
The surface state conductivity and bulk band gaps can be tuned by the Sb-concentration andﬁlm
thickness, respectively. For ﬁlms as thin as 4 nm the surface state transport is strongly suppressed in
contrast to Bi(111) ﬁlms grownunder identical conditions. The impurity channel is of intrinsic origin
due to the growth and alloy formation process and turns out to be located at the buried interface.
1. Introduction
The peculiar spin texture of surface states in topological insulators (TI) sustainably triggers research activities [1].
The recent realizations of the quantum spinHall effect [2] and the anomalous quantumHall effect [3] byHgTe-
ﬁlms and ferromagnetic TIs, respectively, indicate the potential of this emergentmaterial class. Recently, this
topological classiﬁcation schemewas successfully applied toWeyl semimetals [4].
However, a broadband use of this fascinatingmaterial, where the electronic bulk bands are intimately related
to the surface band structure, is to datemissing.Most of thesematerials suffer fromdefects resulting in non-
insulating bulk phases and also from lowmobility surface transport. To some extent the effects of considerably
high vacancy and interstitial defect concentrations can be overcome using compensatedmaterials, e.g.
Bi Te Se2 2 [5, 6].
Against this background the use of epitaxial ﬁlms is a promising alternative [3, 7, 8]. So farmainly binary
chalcogenide alloys (Bi Se2 3, etc.)were grown by epitaxy on various substrates, e.g CdTe, AlN, and sapphire [9–
12]. The technique of thin ﬁlm growth allows both to growhigh quality ﬁlms and to further tailor the band
structure by quantum size effects [13]. For instance, epitaxial layers of Bi Te2 3 grownon ( )BaF 1112 substrates
revealmobilities up to 4600 -cm Vs2 1 at 14 K [14].Moreover, this technique is well suited to control the surface
stoichiometry andmorphology, thus avoiding problems of terminationwhichmay occur during the cleavage
process of bulkmaterials as conﬁrmed for TlBiSe2 [15, 16].
Non-trivial surface states were ﬁrst demonstrated for bulk -Bi x1 Sbx. Angle resolved photoemission (ARPES)
performed on bulkmaterials revealed 5 surface state Fermi crossings in between the G- and M -point of the
(111) oriented surface [1, 17]. Latest high resolutionARPESmeasurements performed on epitaxialﬁlms showed
that the non-trivial character ismaintained only by two surface states [18], in consistencywith theory. An alleged
third surface state found on bulk samples [17] turns out to be induced by bulk defects, supporting the general
trend that epitaxial ﬁlms exhibit less imperfections. -Bi x1 Sbx is attractive not only because of the expected high
mobilities in the range of -10 cm Vs4 2 1 [19], but also because of the tunability to convert a (trivial) semimetal
into a non-trivial direct band semiconductor atmoderate doping concentrations in the range of x=0.07–0.22










Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 3.0
licence.
Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.
© 2016 IOPPublishing Ltd andDeutsche PhysikalischeGesellschaft
emphasis of their thermoelectric properties. Interestingly, an impact of the robust topologically protected
surface state in thismaterial systemwas neither proven nor considered so far in transport experiments. Instead,
the transport ﬁndings were discussed in terms of impurity and bulk bands [9, 21].Moreover, quantum size
effects in thin ﬁlms should severely affect the band gaps as shown by a recent theoretical work [13].
In this studywe focus on thin epitaxial -Bi x1 Sbxﬁlms grown on Si(111) substrates. The growth and
morphology of theﬁlmswas controlled by low energy electron diffraction. The systematic variation ofﬁlm
thickness, substrate temperature and Sb concentration allowed us to identify different transport channels. In
particular, the low temperature conductance is governed by the surface states, which is effectively suppressed for
10 BL thin ﬁlms. By quantum conﬁnement the bulk contribution due to thermal excitationwere shifted to
higher temperatures, thus the rise in conductance seen at around 30 K is rathermediated by charge excitations
from impurity bands. In contrast to former studies, we explain themetallic transport behavior seen below 30 K
due to electron–phonon coupling of carriers in the surface state rather than due to the degenerate doping.
2. Experimental setup
All experiments were performed under ultra high vacuum conditions at a base pressure of ´ -5 10 Pa9 . For the
conductancemeasurements low-doped Si(111) samples (resistivity r > W1000 cm)were used. The samples
are ´ ´15 15 0.5 mm3 in size and are providedwith four slits and eight TiSi2 contacts for transport
measurements. Details about the fabrication of contacts as well as the in situ cleaning procedures are described
elsewhere [22].
Bi and Sbwere evaporated fromKnudsen cells. The amounts were controlled by quartzmicrobalances while
the stoichiometry and homogeneity of the binary compoundwere carefully checked (after ex situ transfer) by
x-ray photoelectron spectroscopy (XPS) and sputter-XPS, respectively.
Both -Bi x1 Sbx andBi(111)ﬁlms (for reference), were grown at 200 k followed by annealing to 450 k for
around 1 hour. The layer thickness of the Bi andBi -x1 Sbxﬁlms are given in bilayers
( = ´ -BL 1.14 10 atoms cm15 2, deposition rate 1–2 BL perminute). The Bi and Sb coveragewas calibrated
with the help of the ´3 3 reconstructions on Si(111) and by recording bilayer oscillations in conductance
during evaporation at around 100 K.
Themorphologies of the Si-substrates and the epitaxial ﬁlmswere checked by high-resolution low energy
electron diffraction (SPA-LEED). The transport setup allows us tomeasure the conductanceG as a function of
coverage aswell as temperature down to 10 K. In order to avoid repetitions we refer the interested reader
to [22, 23].
3. Results and discussion
3.1. Surface structure
The co-deposition of Bi and Sb on Si(111) results in the growth of epitaxial ﬁlms. In general, the quality of the
surface structure depends sensitively on the ﬁlm thickness and, to a lesser extent, on the stoichiometry.
For Sb-concentrations ranging between x=0.14–0.19, at which thismaterial class is in the inverted band
gap phase regime [20, 21],ﬁlmswith (111)-orientation are grown as shown inﬁgure 1.However, an increase of
theﬁlm thickness is accompanied by an increase of the rotational disorder, at least if the annealing times for the
ﬁlms are kept constant. For instance, a 60 BL (24 nm) thickﬁlm shows almost arbitrarily oriented domains (see
ﬁgure 1(d). In order to quantify the disorder we plotted inﬁgure 1(g) azimuthal scans through theﬁrst order
diffraction spots for various ﬁlm thicknesses. Nonetheless, the sizes of the domains is in the order of 20 nm for all
ﬁlm thicknesses as deduced form thewidth at halfmaximumof the specular diffraction peak at an out-of phase
scattering condition [24]. Thus, the rotational disorder is rather induced by the formation of an alloy than due to
surface roughening upon growth.
In fact, that structural disorder is a result of the alloy formation, is in linewith the growthmode found for Bi
on Si(111): A 40 BLBi-ﬁlm, shown inﬁgure 1(e), which has nominally a largermisﬁt to Si(111), reveals almost
no rotational disorder [22, 25]. For reasons of comparison the Bi-ﬁlmwas grown at the same conditions, i.e.
substrate temperature and growth rate.
Also the interface is crucial as was demonstrated by the so-called allotropic phase transition reported for
epitaxial Bi(111) layers [26, 27]. It is likely that similar scenarios play a role for the growth of -Bi x1 Sbx ﬁlms as
well. For instance, the rotational disorder of a 50 BL thick -Bi x1 Sbx-ﬁlm is signiﬁcantly reduced (see ﬁgure 1(f)),
if growth is performed on a Bi(111) buffer layer (here 10 BL). Similarly grown ﬁlmswere used for the ARPES
studies [18]. However, for our transport investigations buffer-layer free -Bi x1 Sbxﬁlms aremandatory.
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3.2.DC in situ transport in epitaxial Bi1−xSbxﬁlms
3.2.1. Size effects and temperature dependency
In the following,we show results of surface sensitive transportmeasurements,whichwere performedon epitaxial
-Bi x1 Sbxﬁlms directly grownon Si(111). The conductancemeasured for the clean Si-substrate in the temperature
interval up to 300 Kwas below m10 S and is therefore negligible. Figure 2(a) shows the conductanceG as a function
of temperatureT for variously thickﬁlms (20–60 BL). The electronic band structure for the non-trivial case is
depicted in the inset ofﬁgure 2. Based onour sample geometry andﬁlm thicknesses the conductance values
correspond to a resistivity in theorder of mW m, which is in reasonable agreementwith results obtained for bulk
Figure 1. SPA-LEEDdiffraction patterns of Bi1−xSbx (111)-ﬁlms (a)–(d), pure Bi(111) (e) and a Bi1−xSbx-ﬁlmwith a 10 BLBi-buffer
layer (f) grown on Si(111). The electron energy was 87 eV (95 eV in (f). The thicknesses of the ﬁlms aswell as the Sb-concentrations x
are indicated. (g)Azimuthal line scans (shifted for better visibility) taken along theﬁrst order diffraction spots shown in (a)–(d). The
scan direction is roughly indicated in (a) by the dashed circle.
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materials [9, 21]. The Sb-concentration of theﬁlms shown inﬁgure 2 is quite similar, and thus cannot account for
thedifference in the absolute values of the conductances. Aswewill showbelow, the inﬂuenceon the conductance
due to the variationof the Sb concentration in this regime (x=0.15–0.19) is less than 5%.
Albeit the absolute conductance values are different, theG(T)-curves reveal similarities: at low temperatures
the conductance decreases with increasing temperature and reaches aminimumat around 30 K, after which the
conductance increases until »T 50K. At high temperatures there is a second increase, that becomesmore
pronouncedwith increasingﬁlm thickness. For the 20 BLﬁlm only the tendency of this increase at around 270 K
is visible. Referring to the temperature-dependent transportmeasurements done onBi thinﬁlms,
complemented by charge carriers generated from impurities (third term), the conductance can be accurately
modeled in our case via [28, 29]:
( ) [ ] ·= + + -















































Figure 2. (a)ConductanceG as a functionof temperature for Bi1−xSbxﬁlms of various thicknesses.Thedashed line shows the contribution
of the surface state (ss). Inset: electronicband structure for thenon-trivial scenario showingﬁveFermi level (dashed line) crossingswith
two surface states S1 and S2. Theﬁgurewas reproduced from [18]. In additionweplotted the position of an impurity (imp.)band (not to
scale). For further details see text. (b)Gof a 40 BLﬁlmafter subtractionof the ss-contribution. Thedotted anddashed–dotted curves are
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kB denotes the Boltzmann factor and a b c, , are constants. Details are explained in the following: the ﬁrst term
describes themetallic surface transport (G0 refers to the surface conductance at 0 K) including electron–phonon
scatteringwithin the surface transport channel. The dashed line with the exponentm=1.3 inﬁgure 2(a) shows
theﬁt of this contribution to theG(T)-curve of the 40 BLﬁlm .
The second and the third termdescribe activated transport channels characterized by their gap energiesEbg
andE ig and correspond to the high and low temperature rises in conductance, respectively. For the sake of
simplicity a coupling to the phonon bathwas neglected for both termsThe bulkDebye temperature is around
200 K, i.e. phononic contributions of the charge carriermobility are not dominating the transport in the low
temperature range. This is reﬂected also by the exponentm, which only slightly deviates fromm=1 found for
the surface contribution in Bi nanostructures [28].Moreover, contributions due to hopping via defects within
theﬁlms are not considered at themoment. Despite these simpliﬁcations, theG(T)-curves are excellently
described over the entire temperature range as shown for the 40 BLﬁlm inﬁgure 2(b), whereDG represents the
increase of the conductance.
In former studies only one activated transport channel at around 30 Kwas observedwhich is attributed to
thermal activation of charge carriers frombulk valence bands into the conduction band channels [9, 21, 37–40].
In this study, only the rise in conductance at high temperatures corresponds to activated bulk transport while the
rise at low temperature is of different origin. This interpretation ismotivated by the fact that theminimumat
30 K is independent of theﬁlm thickness. If bulk states are involved, theminimum should shift to lower
temperatures with increasingﬁlm thickness [28]. The gap energies deduced from the low temperature regime
were found to beE ig= 38±3 meV and are too small according to calculations of the renormalization of the bulk
bands due to quantum conﬁnement [13].Moreover, the increase of the conductanceD = G 100 10 μS for
the low temperature activation channel was found to be rather similar in allﬁlms investigated here. There is also
no correlation ofDG with the rotational disorder of theﬁlms. Therefore, the low temperature rise ismost likely
not relatedwith the surface structure and rather a bulk related feature, although unexpectedly independent on
theﬁlm thickness.Wewill discuss this inmore detail below in context ofﬁgure 4.
A size effect is seen in our experiments only for the activated channel at higher temperatures. The gap
energiesEbg deduced from transport for the 20, 40 and 60 BL thickﬁlms are 280 70, 200 20 and 160 10
meV, respectively. Hence, the gap energy Ebg scales inversely with theﬁlm thickness d. It follows that
- µ -E E dbg 0 0.61where E0=30 meVdenotes the bulk band gap, deduced in former studies [21]. The
magnitude of the scaling power is lower compared to valuesmeasured for Sb doped SnO2 (µ -d 1.56) or InSb
(µ -d 1.4) thin ﬁlms [30, 31]. However, the renormalization of the bulk band gap due to quantum conﬁnement is
at least for the 60 BL thick ﬁlm in reasonable agreement with the calculations done for a trigonally oriented, free-
standing ﬁlm, neglecting any interface effects [13].Moreover, as claimed by Tang et al [13] the bulk band
structure depends on temperature above 77 K. This effect is not taken into account by our analysis andmight be
also responsible for the difference of exponent compared to other studies.
3.2.2. Surface state transport
In order to show that the low temperature conductance below 30 K is dominated bymetallic surface transport,
weﬁrst look at the conductancemeasured at 12 K,where the contributions of the activated transport channels to
the overall conductance are negligible. As shown inﬁgure 3(a) for 20, 40 and 60 BL thick ﬁlms, ( )G 12 K
increases sublinearly with increasingﬁlms thickness (the 10 BLﬁlm is a special case andwill be discussed below).
A similar behavior was found for epitaxial Pb- andBi-ﬁlms grown on Si substrates [32, 33]. A deviation froma
strict linear behavior of the conductancewith thickness is expected if surface and interface scattering is
important [34, 35]. The fact that the conductance depends also on the ﬁlm thickness clearly shows that transport
through the bulk is present, even at these low temperatures. However, the increase in conductance ismuch
smaller than expected if only bulk channels are present, thus both surface and bulk channels are contributing.
Most likely the bulk contributions are caused by hopping transport across imperfections, e.g. stoichiometric
disorder within the alloy or even crystallographic defects due to the latticemismatchwith the Si(111) substrate.
As alreadymentioned, the variation of the Sb-concentration (x=0.15–0.19) for the curves shown inﬁgure 3(a)
is too small in order to explain the thickness dependency.
To quantify these bulk-related defect channels further we performed conductancemeasurements at 12 K
while growing a Bi0.84Sb0.16ﬁlm (ﬁgure 3(b)). To ensure a quasi layer-by-layer growth, the experiment was done
on a 10 BL thick Bi0.84Sb0.16 buffer ﬁlmwhichwas prepared and annealed before the subsequent growth at low
temperatures. The quality of the surfacemorphology at these conditions is rather poor and no sharp reﬂexes
were visible in LEED. Themeasured curve shows a quasi linear increase of around 0.44 mS/10 BL. The overall
lower conductance in comparison toﬁgure 3(a) is in agreement with the non-crystalline structure and shows
that extended surface states are not highly developed under these growth conditions. According to the
extrapolation sketched by the dashed line inﬁgure 3(b), thin -Bi x1 Sbx ﬁlms should exhibit roughly twice as
much parasitic bulk transport channels (1 mS/10 BL). Thisﬁnding is qualitatively in agreementwith our LEED
5
New J. Phys. 18 (2016) 093012 J Koch et al
results revealing no crystalline surface structures forﬁlms below 10 BL and alsowith a signiﬁcantly largerDG for
a 10 BL thickﬁlm (see discussion in context ofﬁgure 4).
Based on these parasitic transport channels, the values discussed in the context of ﬁgure 3(a) can be corrected
with respect to the bulk contribution. As obvious, the corrected values are independent of the ﬁlm thickness for
ﬁlms thicker than 20 BL. This is expected if transport via surface states is dominant. The value of 2.8 mS refers to
a surface conductivity of around 0.7 mS and is approximately twice as high as the conductivity wemeasured
for Bi(111) surface states [22].
Contrary to our interpretation, the qualitatively similar behavior found for bulkmaterials was assigned to an
impurity band that overlaps with the fundamental conduction bulk band [21]. Generally, the high dielectric
constant and low effectivemasses in -Bi x1 Sbx can provide extremely low ionization energies (≈10μeV) and
large Bohr radii (≈500 nm), thus even in almost purematerial systems the heavy doping condition can be easily
satisﬁed giving rise to such a parasitic transport channel [21]. A similar behavior of the conductivity was also
reportedwhen alloying Bi with a variety of elements, e.g. Pb, Sn, Zn or In [41].Moreover, the importance of this
impurity bandwas also reported for Bi -x1 Sbx thin ﬁlms aswell as nanostructured samples [9, 37]. Surprisingly,
transport via robust surface states, as theywere seen in spectroscopy [17], was not taken into account in these
former transport studies.
Wementioned above that the conductance for a 10 BL thick TI-ﬁlm at 12 K is, compared to thicker ﬁlms,
disproportionally reduced andwe ascribe this to hybridization of the surface states. A similar behavior was found
byTaskin et al in transportmeasurements in epitaxially grownBi2Se3ﬁlms, where themetallic surface transport
is diminished below aﬁlm thickness of 6 nm [12]. In our case, the suppression of themetallic surface transport
occurs at roughly the same thickness (10 BL = 4 nm). Evidence for this pronounced hybridization between the
surface and interface states is foundwhen looking at the temperature dependence of its conductance as shown in
ﬁgure 4(a). Themetallic signature of the surface transport channel, i.e. the decrease of the conductance at low
Figure 3. (a)ConductanceGmeasured at 12 K as a function ofﬁlm thickness. The corrected values denote the transport through the
surface channel after subtracting parasitic bulk contributions. For further details see text. (b)Conductancemeasured during growth of
a Bi0.84Sb 0.16 ﬁlm at 12 K. In order to reveal a quasi layer-by-layer growth at these low temperatures the evaporationwas done on a
pre-annealed 10 BL Bi0.84Sb 0.16 buffer layer. The penetration of the surface state due to adsorption is seen by the initial drop in
conductance. The dashed line is a guide to eye showing that the parasitic bulk contributionwithin theﬁrst 10 BL is almost larger by a
factor of 2.
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temperatures, is entirelymissing for the 10 BL ﬁlm, albeit the quality of the surfacemorphology is similar to that
of a 20 BL thickﬁlm (see LEED inﬁgure 1). In contrast, topologically trivial Bi(111)ﬁlms, which are even
thinner, still reveal themetallic ﬁngerprint as shown inﬁgure 4(a) [22, 32]. This ﬁnding supports our conclusion
fromabove that the low temperature behavior of the conductance of -Bi x1 Sbxﬁlms (>20 BL) is dominated by
metallic surface transport.
Wementioned above, that theDG contribution due to the impurity channel is rather independent of the
ﬁlm thickness. An exception is a 10 BL thin ﬁlmwhich shows aDG signiﬁcantly larger contribution compared
to a 20 BL thick ﬁlm as shown inﬁgure 4(b).We attribute this to an increased disorder in thin ﬁlm structures. A
similar behavior was seen also for Bi epitaxy on Si(111). In this case a so-called allotropic transformationwas
reported [27], where in the course of deposition the initial pseudocubic growth becomes instable and the entire
volume of theﬁlm starts to transform in a (111)-oriented, but strongly lattice-mismatched ﬁlm. It is likely, that
similar allotropic transitions play a role for -Bi x1 Sbxﬁlms aswell. In any case, such effects could explain a higher
bulk defect concentrations close to the interface.
3.2.3. Tuning of the surface state conductivity by the Sb-concentration
Wewill nowdiscuss inmore detail the inﬂuence of the Sb-concentration on the transport properties. All
experiments were performed on 20 BLﬁlmswhich revealed awell-deﬁned single domain structure in LEED.
Figure 5(a) showsG(T)-curves for various Sb-concentrations. For reference, also aG(T)-curve for a 20 BL thick
Bi(111)ﬁlm is shown. Apparently, the conductance increases with increasing Sb concentration.While the curves
for Bi and -Bi x1 Sbx look similar in the low temperature regime (up to 50 K) they reveal differences for higher
temperatures as the quantum size induced renormalization of the band gap is smaller for Bi compared to
-Bi x1 Sbx. The analogue analysis revealed for Bi a gap energy »E 50 meVg,Bi which is in good agreementwith
measurements regarding the semimetal-semiconductor transition performed onBi nanostructures [28].
Wementioned that the low temperature regime is dominated by surface transport. The values obtained for
various Sb concentrations up to x=0.22 are shown inﬁgure 5(b). Despite an expected increased scattering rate
Figure 4. (a)Transport in thin Bi1−xSbxﬁlms. Themetallic signature at low temperatures for the surface states is not seen for a 10 BL
thick ﬁlmwhile it is present for even thinner Bi-ﬁlms. (b) For the 10 BLBi1−xSbxﬁlms theDG is signiﬁcantly larger than for a 20 BL
thick ﬁlm. In order to compare bothﬁlms, the entireGsurface(T) backgroundwas subtracted for the 20 BLﬁlm. The extrapolation
shown inﬁgure 3 suggested already that the defect concentration in thin structures is disproportionally high.
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for the charge carriers in an alloyed phase the conductance increases, conﬁrming a certain robustness of the
surface states.
The gradual increase of the Sb concentration comes alongwith an increased band ﬁlling of the surface states.
Benia et al [18] carefully investigated the band structure of similarly grownTIﬁlms.With increasing Sb
concentration from x=0 to x=0.25 the Fermiwavevector kF at G¯ increases isotropically by around 23%.
Consequently, the carrier concentration is increased by almost 50%. As can be seen fromﬁgure 5(b) the increase
in the conductance in our case is less (only 20%) andmost likely due to a superimposed decrease of the carrier
density around the M point [18].Moreover, ﬁrstmagneto transport revealed (not shown here) that also the
carriermobilities are reducedwith increasing Sb concentration, which is in agreementwith ARPES showing
higher effectivemasses for the charge carriers at kF [18].
TheG(T)-curves, shown inﬁgure 5(a), were analyzed alsowith respect to the activation energyE ig. Theﬁtting
around the low temperatureminimum revealed around 37±7 meV and showed no clear trendwith respect to
the Sb-concentration. This supports our conclusion that the rise in conductance at 30 k should not be attributed
to bulk band gap Ebg , which reveals a variable gap by varying the Sb concentrations ranging between 7%–22%
seen for bulkmaterials in the same temperature regime [20, 21, 36].
3.2.4. The origin of the impurity states
We showed that the low temperature transport behavior is carried by surface states, in agreement with recent
ARPESmeasurements [18].Moreover, in consistencywith calculations [13], we clearly observed a quantum
conﬁnement for the bulk states. Nonetheless, in our thinﬁlms aﬁnite contribution at 30 K remainswhich is
inconsistent with the former interpretation and needs clariﬁcation.
The steep increase seen at 30 K and the subsequent saturation are reminiscent of an activation of excess
carriers from impurity states well decoupled frombulk bands. Compared to themeasurements done on bulk
material the increase ismuch smaller and around 0.1 mSwhich refers to a conductivity of sD = -100 S cm 1.
Assuming a saturation effect due to a limited carrier concentration andmobilities of around 100 cm2 Vs−1, the
Figure 5. (a)Conductance as a function of temperature for 20 BL thick ﬁlms and various Sb-concentrations. (b)Conductance at 12 K
versus the Sb-concentration. The parasitic bulk contributionwas not subtracted. The dashed line is a guide to the eye.
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carrier concentration is in the order of -10 cm18 3. However, it can not be directly related to the formation of an
alloy since this increase is also observed for pure Bi (see ﬁgure 5(a).
FromARPES studies it is clear that the surface states aremetallic, i.e. any thermal energy will rather cause
electron–phonon scatteringwhich lowers the conductance. Hence, if thermally induced exchange between bulk
and surface states are excluded, the activated channel at low temperature is purely bulk related.However,DG
should then increase with increasing ﬁlm thickness, which is not supported by our experiments (see ﬁgure 2).
This puzzlingﬁnding can be understood only if we assume that the bulkmediated impurity bands are
inhomogeneously distributed in the direction ofﬁlm growth.Wementioned above thatDG is onlyweakly
dependent on the surfacemorphology. Therefore, themain contributionmust be due to impurity states located
at the interface. This is fully in line with theG(T)-analysis shown in context ofﬁgure 3(b) suggesting a higher
defect concentrationwithin the ﬁrst 10 BL. A similar scenario was found for the growth of Bi on Si(111) [27].
4. Summary and conclusion
In summary, the surface transport properties of epitaxial -Bi x1 Sbxﬁlmswere examined in detail by systematic
variation of theﬁlm thickness and the ﬁlm stoichiometry. The temperature dependency of the transport ﬁndings
suggests that both surface and bulk transport channels are present in theseﬁlms.
Bymeans of ultra-thin epitaxial ﬁlmswewere able to identify different transport channels. Besides the
transport along surface states, activation from impurity and bulk bands takes place. In contrast to previous
transportmeasurements on bulkmaterial, we showed that themetallicity at low temperatures stems rather from
surface states while the impurity bands are energetically split off from the fundamental bulk bands and located
close to the Si/Bi -x1 Sbx interface. Compared to bulkmaterials, the bulk band gaps are increased by a factor of
ﬁve due to quantum size effects, in accordance with theory [13].With increasing Sb concentration the
conductivity of the surface transport channel increases. This is in line with recent ARPESmeasurements
showing increasedﬁlling factors of the surface bands [18]. In contrast to epitaxial Bi(111)ﬁlms grown also on
Si(111) the conductivity in the surface state is higher and apparently rather insensitive to defects.Moreover, a
suppression of the surface state contributionwas seen only for the -Bi x1 Sbx ﬁlms.
Albeit theses signatures are expected for topologically non-trivial surface states envisagedmagneto transport
measurements will give further insight into this interesting research topic. In general, there are strong
indications that the impurity band is rather an intrinsic feature due to the necessity of the formation of an alloy.
Thismay explainwhymany other TI-alloys, e.g. Heusler compounds, suffer from anon-insulating behavior of
the bulk.
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